Background: During cytokinesis in animal cells, an equatorial actomyosin-based contractile ring divides the cell into two daughter cells. The position of the contractile ring is specified by a signal that emanates from the mitotic spindle. This signal has not been identified and it is not understood how the components of the contractile ring assemble. It is also unclear how the ring constricts or how new plasma membrane inserts specifically behind the leading edge of the constricting furrow. The Rho family of small GTPases regulate polarized changes in cell growth and cell shape by affecting the formation of actin structures beneath the plasma membrane, but their role in cytokinesis is unclear.
Background
In metazoans, cell division occurs in a plane perpendicular to the long axis of the mitotic spindle to ensure that each daughter cell receives a single complete set of the separating chromosomes. The position of the cleavage plane is specified by the position of the spindle in early anaphase. Microtubules that emanate from the two poles of the spindle transmit a signal to a region of the plasma membrane or cell cortex that lies midway between the spindle poles [1] . The identity of this signal is not known, nor are the downstream events of cytokinesis understood in detail. It is known, however, that an actomyosin-based contractile ring forms along the cleavage plane [2] . Contraction of the ring is thought to generate the cleavage furrow in the plasma membrane. Cleavage-furrow ingression can be accompanied by local insertion of membrane at the cleavage furrow, which occurs by fusion of stored vesicles [3] . Continued ingression of the cleavage furrow divides the cytoplasm, and two separable cells are formed when the apposing plasma membranes meet and fuse.
In cells of the budding yeast, Saccharomyces cerevisiae, cell division is performed in a different manner. Bud growth begins at the G1/S transition, well before the mitotic phase of the cell cycle. During bud growth, cortical actin patches are concentrated in the bud and new cell wall inserts at the bud tip [4] . Throughout the cell cycle, a constricted boundary is maintained at the junction between the mother cell and the bud. After mitosis, cytokinesis occurs at this junctional region by formation of a partition between the mother and daughter cell. Despite the morphological differences between cell division by budding and cell division by cytokinesis, both processes require spatial and temporal regulation of actin-containing structures and the formation of new membranes. Thus, it is possible that homologous proteins are common to both processes.
Genetic analysis in S. cerevisiae has indicated that the Rho family of small GTPases are essential for the establishment of the bud and the maintenance of its polarized growth [5] . Loss-of-function mutations in one such family member, Cdc42, cause cells to grow in an unpolarized manner; the mother cell enlarges, no bud forms and the actin patches and the sites of cell wall insertion are delocalized [6] . Loss-of-function mutations in Rho1 or double mutants in Rho3/Rho4, do not prevent the initial polarization, but mutant cells can not maintain polarized growth and they die as enlarged cells with small buds [7, 8] .
The Rho family of small GTPases has also been characterized in a wide variety of animal cell types. Rho, Rac and Cdc42 regulate the assembly of a variety of actin-containing structures at discrete sites beneath the plasma membrane in mouse fibroblasts [9] [10] [11] . Often these sites are adjacent to areas of rapid membrane growth, such as the lamella or filopodia. Cdc42 is also essential for polarization of T cells towards cognate antigen-presenting cells [12] . Like cytokinesis, T-cell polarization involves coordination of microtubules, actin and the secretory machinery. Rho family proteins participate in cytokinesis, as the bacterial enzyme C3 transferase, which ADP-ribosylates and inactivates Rho [13, 14] , has been shown to block cytokinesis in sand dollar [15] and Xenopus [16] eggs, and a Rho family gene, RacE, is specifically required for cytokinesis in Dictyostelium [17] .
We have studied the function of two Rho family members, Rho and Cdc42, in cytokinesis during the early cleavages of Xenopus embryos, by injecting C3 transferase and constitutively-active or dominantly-negative mutant forms of the GTPases. We found that either constitutive activation or inhibition of Rho or Cdc42 blocked cytokinesis. The phenotypes of injected embryos indicate that Rho and Cdc42 do not specify the position of the furrow, but rather they are important for the process of ingression. Although furrow ingression was blocked by the mutant GTPases, membrane insertion continued at the cleavage site, so that newly inserted membranes appeared aberrantly on the outer surface of the embryo. Activation and inactivation of Rho altered the levels of actin filaments within the cortex, and microinjected Rho localized preferentially to the cortical layer. These results indicate that Rho has a role in regulating the assembly of actincontaining structures within the cortex during cytokinesis, and suggest that proper execution of cytokinesis requires the local activation of Rho. Our observations raise the question of how assembly of the cortical cytoskeleton during cleavage-furrow ingression is coordinated with the growth of cleavage membranes which occurs by fusion of vesicles.
Results

Modified forms of Rho block cytokinesis
The first cytokinesis in Xenopus embryos begins 90 minutes after fertilization, and subsequent cleavages occur at 30 minute intervals. The furrow first appears as a darkly pigmented line near the pole of the pigmented animal hemisphere, and then propagates laterally in the plane of the membrane. Well before the furrow has circumscribed the egg, it ingresses towards the center of the embryo. Approximately 25 minutes are required for the two tips of the furrow to meet on the vegetal pole and the first cytokinesis is not complete until after the second cleavage begins [18] . The membrane between the two blastomeres is derived from fusion of vesicles from maternal stores with the preexisting membrane; this occurs exclusively in the region that is ingressing [19] . As the first division does not begin until 90 minutes after fertilization, synchronous cohorts of fertilized embryos can be injected with various reagents to test their effects on cytokinesis.
To inhibit Rho function, we injected embryos with C3 transferase, a clostridial enzyme that specifically ADPribosylates and inactivates Rho [14] . As found by Kishi et al. [16] , C3 transferase blocked the first and all subsequent cytokineses, and Rho ADP-ribosylated by C3 in vitro (C3-RhoA) showed an identical phenotype (Fig. 1a) . We extended these observations by monitoring the early cleavages by time-lapse video microscopy, and found that, until cleavage began, the C3-injected eggs appeared similar to the controls. For example, surface contraction waves, a marker of cell-cycle progression [20] , occurred normally. As control embryos began to form a cleavage furrow, an aberrant furrow appeared on the surface of C3-RhoA-injected embryos and propagated bidirectionally at a normal rate around the embryo (Fig. 1a) . Rather than ingressing, this furrow appeared as a ring of unpigmented membrane bisected by a thin line of pigmented membrane. For the duration of the second interphase, the band of unpigmented membrane continued to widen. A second cleavage furrow was specified at the normal time and position, and had a similar appearance to the first aberrant furrow. These observations indicate that cellcycle progression and specification of the cleavage furrow are independent of Rho function. In contrast, furrow ingression requires Rho.
We next determined whether an increase in the amount of Rho activity in the egg affected cytokinesis. We injected fertilized embryos with an activated form (RhoA G14V ) of human Rho that is defective for GTP hydrolysis. We found that activated Rho blocked first cleavage in a dosedependent manner (Fig. 1b) . Normal Rho also blocked cleavage, but at a higher dose (∼5-fold) than the activated form (data not shown). Embryos injected with RhoA G14V initiated cytokinesis at the expected time and position (Fig. 1a) . At concentrations above 100 nM, cytokinesis was blocked. Cytokinetic furrows propagated in the plane of the membrane at the normal rate, but failed to ingress fully. The furrow often bisected the animal hemisphere, but it did not constrict appreciably in the vegetal hemisphere. At higher concentrations, additional contractile events occurred, including rotation of the partially cleaved blastomeres and contraction of the pigmented cortex into a small clot; these contractions caused cell lysis.
These results indicate that Rho is essential for cytokinesis, but it is not required for the early steps, such as the specification of furrow position by the mitotic spindle and circumferential propagation of the cleavage furrow. Similarly, excessive activation of Rho does not effect these early steps. Modulation of Rho activity affects cleavage-furrow ingression. Two essential steps during furrow ingression are assembly of an actin-containing contractile ring and insertion of new membrane behind the leading edge of the furrow, between the nascent blastomeres. We investigated how activation and inactivation of Rho altered these processes. 
Control
RhoA G14V C3
Effects on cortical actin assembly
We examined the effects of inhibition and constitutive activation of Rho on the assembly of actin filaments. Embryos that were injected with C3 transferase or activated Rho were fixed when control embryos first cleaved, then sectioned and subsequently stained with rhodamine phalloidin to observe actin filaments. We found that, compared with control embryos (Fig. 2a,d ), embryos containing activated Rho had increased levels of actin filaments in the cortical region of the animal hemisphere (Fig. 2b,e) . In contrast, C3-injected embryos (Fig. 2c,f) showed attenuated levels of actin filaments in the cortical region. Instead of the continuous layer of cortical F-actin seen in control embryos, C3-treated embryos showed fragmented, thin patches of actin or the complete absence of staining. Despite the loss of cortical actin in C3-treated embryos, bundles of actin were observed throughout the cytoplasm away from the cortex at levels that far exceeded the quantity of cytoplasmic bundles present in control embryos at the same stage (compare Fig.  2f to 2d). This indicates that inhibiting Rho does not block all aspects of actin assembly, rather it interferes with the localization of actin filaments to the cortex and suggests that either the overabundance or underabundance of cortical actin filaments can lead to defects in cytokinesis.
Localization of Rho
We tested whether Rho localizes to the cortex, as it stimulates assembly of actin filaments at this site. As we were unable to detect the endogenous protein, we microinjected Rho tagged with the Myc epitope and then prepared cryosections from embryos fixed at the 2-cell ( Fig.  3a ,b) or 32-cell ( Fig. 3c-h ) stage. The sections were labeled with an anti-Myc monoclonal antibody to detect the tagged Rho, and with rhodamine-labeled phalloidin to detect F-actin. When Myc-tagged RhoA G14V was microinjected early in the first cycle and fixed at the time of the first cleavage, the Myc-tagged RhoA G14V appeared enriched in the cortical layer where increased actin assembly was observed (Fig. 3a,b) .
A similar cortical localization was observed when one blastomere of a 2-cell stage embryo was injected with Myctagged wild-type Rho, at levels that did not affect cleavage, and the embryo was then fixed at the 32-cell stage. Figure 3c shows the mosaic pattern of Myc-tagged Rho staining in a section from a microinjected embryo. As the embryo was injected at the 2-cell stage, certain blastomeres show strong cytoplasmic staining while others show little or none. The cortical staining is most apparent in blastomeres that contain low levels of Rho (Fig. 3e , arrows). These results suggest that Rho acts locally to regulate cortical actin assembly.
Effects on new membrane insertion
We have shown that modulation of Rho activity affects the actin-dependent process of cleavage-furrow ingression
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Figure 3
Rho preferentially partitions into the cortex in the vicinity of the cortical actin layer. Embryos were injected with Myc-tagged activated Rho (RhoA G14V , 1.6 M final concentration in the embryo) and fixed at 100 min post-fertilization (a,b). Alternatively, embryos were injected with levels of Myc-tagged wild-type Rho that did not block cytokinesis (800 nM final in the embryo) and fixed at the 32-cell stage (c-h). In both cases, embryos were cryosectioned and co-stained for the Myc epitope (a,c,e,g) and for F-actin using rhodamine-phalloidin during cytokinesis. However, embryos injected with C3 executed some aspects of cytokinesis in the absence of furrow ingression, as evidenced by the characteristic changes in surface pigmentation. We used markers specific for new and old membranes to determine whether these pigmentation changes corresponded to insertion of new cleavage membranes. To follow the fate of the old membranes, the fertilization envelopes were manually removed and the surface was briefly labeled with biotinylated-soybean agglutinin (bio-SBA) then washed so that newly inserted membrane could be identified as that free of bound bio-SBA.
At the time corresponding to the second interphase, bio-SBA-labeled embryos were fixed and cryosections were stained with an anti-biotin antibody. Control embryos have a region that labels less intensely with bio-SBA (Fig. 4a ) adjacent to the ingressing cleavage furrow, which stains brightly for F-actin (Fig. 4b) . Although C3-injected embryos did not have an ingressing furrow, a wide region of plasma membrane at the specified site was found to be devoid of bio-SBA labeling ( Fig. 4c ; arrows) and no cortical actin was observed (Fig. 4d) . Thus, inactivation of Rho still allows new membrane to be inserted at the site of the aberrant furrow. This new membrane could represent the cleavage membrane that would normally insert at the furrow or it could be derived from another pool of vesicles that inserts inappropriately as a result of C3 treatment.
To assess whether the unpigmented band of membrane on the outer surface contained a marker normally found only in cleavage membranes, we prepared sections from control and C3-injected embryos and stained them for ␤-catenin and F-actin. Previous studies showed that ␤-catenin is complexed with E-cadherin and is inserted into the newly formed cleavage membranes from a pool of maternal vesicles [21] . We also find that, in control embryos, the old, outer-surface plasma membrane is devoid of ␤-catenin (Fig. 4e,g ). In contrast, in C3-injected embryos ␤-catenin is Ectopic insertion of new membrane into the outer surface of embryos injected with C3, visualized by lack of surface lectin labeling and presence of a marker specific for cleavage membranes. (a-d) Fertilization envelopes of embryos were first manually removed and then the outer membranes were labeled with biotinylated-soybean agglutinin (bio-SBA). The embryos were then injected with buffer (a,b) or C3 transferase (c,d), then fixed midway through the first cytokinesis. Embryos appear flattened because of the removal of the fertilization envelope, and are shown with the animal hemisphere at the top. Cryosections were costained for bio-SBA with an anti-biotin primary antibody, followed by a fluoresceinated secondary antibody (a,c) and for F-actin using rhodamine-phalloidin (b,d). With this staining procedure, the outer membrane of the animal hemisphere (top) stains brightly for bio-SBA while the vegetal hemisphere membrane (bottom) is unstained. With C3 transferase, a region devoid of bio-SBA labeling (c, arrows), corresponding to new membrane, appeared at the animal pole above the aberrant cleavage furrow, cortical F-actin is lost and the cleavage furrow failed to ingress. Control embryos showed a smaller cleared patch and strong F-actin staining in the cortex and cleavage furrow. (e-g) Cadherin-␤-catenin complexes, markers of newly inserted membrane, are found in the outer membrane in embryos injected with C3 transferase. Control (e,g) and C3-injected (f) embryos were fixed, cryosectioned and stained for ␤-catenin. During the first cytokinesis (g) and at the 32-cell stage (e), ␤-catenin staining is restricted to cleavage membranes, and excluded from the old, outer membrane (dotted line). In C3-injected embryos (f), cytokinesis is blocked and ␤-catenin staining is detected in the outer membrane. Scale bar in (c) is 200 m and applies to (a-d). The scale bar in (e) is 100 m and applies to (e-g).
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localized to a discrete region of the outer membrane, at the site of the aberrant furrow (Fig. 4f ). These observations indicate that the failure of the cleavage furrow to ingress caused new membrane to appear on the outer surface. Thus, membrane insertion at the cleavage furrow appears to be independent of Rho function.
Surface structure of Rho-or C3-treated embryos
Modulation of Rho activity affects cortical structure, as evidenced by changes in cortical pigmentation and actin. To characterize the surface structure directly, semi-thin sections were prepared from control embryos and from embryos injected with activated Rho or C3, and viewed by phase-contrast microscopy (Fig. 5) . The surface of embryos injected with activated Rho contained a dense layer of short microvilli and had a thickened cortical layer (∼5 m thick) that appeared to exclude vesicles and granules. The thickened cortex is presumably a result of the increased levels of actin associated with the membrane, as seen in Figure 2e . The surface of control embryos and those injected with C3 also had microvilli, but they lacked the thickened cortex.
Activity of Cdc42
In fibroblasts, various Rho family members affect distinct actin structures [9] , so we were interested in whether another Rho family member, Cdc42, would have a different effect than Rho on cytokinesis. We tested whether Cdc42 function was essential for any aspect of the early cleavages by injecting embryos with an activated form, Cdc42 G12V , that is defective in GTP hydrolysis and then observing the effects on early cell cycles by time-lapse video microscopy. Activated Cdc42 inhibited cytokinesis, but did not interfere with specification of the first division plane (Fig. 6 ). The cleavage furrow was specified and propagated normally in the plane of the membrane. Initially the furrow ingressed, but it subsequently regressed and a circumferential band of unpigmented membrane appeared on the surface of the embryo. With time, this band broadened. The second cytokinetic furrow also formed at the normal time and position. When these embryos were sectioned and stained for F-actin to visualize the cortex of cleavage membranes, we found that furrows were either absent or partial (see below). These observations suggest that activated Cdc42, like Rho, affects cytokinesis at some stage during furrow ingression, as the furrows are correctly specified and early ingression appears normal.
We investigated whether Cdc42 was associated with the cell cortex by characterizing the subcellular localization of microinjected Cdc42. Embryos were injected with trace levels of Myc-tagged, activated Cdc42 at the 2-cell stage and the embryos were fixed at the 16-32-cell stage.
Cryosections were prepared and co-stained for the Myc epitope and rhodamine-phalloidin. Cdc42 appeared slightly enriched in the cortex (Fig. 7a) . suggesting that Cdc42, like Rho, may also act at that subcellular location.
Although both proteins blocked furrow ingression, activated RhoA and Cdc42 produced distinct phenotypes, indicating that the phenotypes are specific. In particular, the aberrant contractile events induced by activated RhoA were never seen with activated Cdc42 (compare Fig. 1 and Fig. 6 ). This observation is notable as, in fibroblasts, activated Cdc42 leads to activation of Rho-dependent changes in actin assembly [22] . In contrast, in Xenopus embryos, activated Cdc42 does not lead to activation of Rho-induced contraction. We also found that coinjection of activated Cdc42 and C3 caused the same phenotype as injection of C3 alone (data not shown).
Injecting embryos with the dominant-negative mutant protein Cdc42 T17N also interfered with early cleavages. The phenotype was less penetrant than that observed with the activated mutant (Cdc42 G12V ), and required high doses of the dominant-negative form (>10 M in the embryo). Embryos injected with Cdc42 T17N during the first interphase specified the first furrow at the correct time and place. This furrow appeared to ingress normally, but during the second cell cycle a widening band of unpigmented membrane spread from the furrow to the outer surface of the embryo (Fig. 6 ). This phenotype was similar to that observed with Cdc42 G12V . To determine whether Cdc42 T17N interfered with completion of cytokinesis, embryos were injected with Cdc42 T17N during the first cell cycle, fixed between the 4-and 16-cell stage (of control embryos), then sectioned and stained with rhodamine-phalloidin to label F-actin. As seen in Table 1 , injection of Cdc42 T17N blocked the formation of complete cleavage furrows in at least half of the embryos. Blocked embryos showed multiple partial furrows, suggesting that Cdc42 is essential for furrow ingression.
To determine whether the mutant forms of Cdc42 prevented cleavage by affecting the organization of actin,
Figure 6
Constitutively activated Cdc42 blocks early cell division in Xenopus laevis embryos and dominant-negative Cdc42 also leads to defects in cytokinesis. sections of Cdc42 T17N -or Cdc42 G12V -injected embryos were stained with rhodamine phalloidin. The sections were co-stained for ␤-catenin to determine whether the unpigmented membrane that appeared on the surface of the embryo was newly inserted membrane. In the presence of either mutant form of Cdc42, partial cleavage furrows that stained brightly for F-actin were observed (Fig. 8c,e) , suggesting that the cleavage problems were not due to a general loss of cortical actin, as seen with C3-injected embryos. ␤-catenin was found in a region of the outer membrane adjacent to the cleavage furrow, confirming that the unpigmented bands represented the abnormal appearance of cleavage membrane on the outer surface (Fig. 8d,f) . Thus, Cdc42 is required for ingression of the cleavage furrow during cytokinesis.
Discussion
The involvement of the small GTPases Cdc42 and Rho in the organization of actin in diverse cell types raised the possibility that these signaling molecules might also participate in the positioning, assembly or contraction of the cleavage furrow during cytokinesis in Xenopus embryos. We found that both the time and the position at which cell division begins were independent of Rho and Cdc42 activity, but that perturbation of either GTPase blocked the completion of cytokinesis. Activation of Rho increased the level of actin filaments in the cell cortex, and inhibition of Rho depleted the F-actin at this site. These changes in actin levels disrupted the formation and constriction of the cleavage furrow. In contrast, perturbation of Cdc42 failed noticeably to alter the assembly of actin structures. In embryos lacking functional Rho, one aspect of cleavage-furrow formation, new membrane insertion, could still occur despite disruption of cortical actin.
Rho regulates assembly of cortical actin during cell division
During cytokinesis, a contractile ring composed of actin bundles crosslinked with myosin II filaments forms in a thin layer of cytoplasm beneath the plasma membrane Mutant forms of Cdc42 interfere with furrow ingression. Control embryos (a,b) or embryos injected with Cdc42 G12V (c,d) or Cdc42 T17N (e,f) were fixed 120 min after fertilization, then cryosectioned and co-stained for Factin (a,c,e) and ␤-catenin (b,d,f). In control embryos, ␤-catenin staining was restricted to the cleavage membrane (b, arrowheads); the outer member is unstained (b, arrow). Embryos injected with both forms of Cdc42 showed partial cleavage furrows (c,e, arrowheads) and ␤-catenin was found in these failed cleavage membranes (d,f, arrowheads) and also in the adjacent outer membrane (d,f, arrows). Scale bar is 200m. called the cell cortex [2] . Tension exerted by the motor activity of myosin on actin bundles attached to the plasma membrane is thought to provide the force that tightens the ring to constrict the cell into two. Both actin and myosin perform essential roles in cytokinesis [23] [24] [25] , however, little is understood about the mechanism by which the cleavage site is selected, how actin and myosin get recruited and oriented into the contractile ring, or how constriction of the ring is regulated. It has been shown in fibroblasts that the small GTPase Rho regulates the formation of stress fibers from actin filaments and myosin [11] , and so we were interested in establishing whether Rho might play a similar role in the assembly of the cortical actin layer or the recruitment of actin filaments into the contractile ring.
We first determined the distribution of F-actin in control embryos and observed a brightly stained cortical layer of actin forming a continuous sheet beneath the outer surface, as well as along the sides and at the base of the cytokinetic furrow. In a previous report on the role of Rho in cleaving Xenopus embryos [16] , the distribution of Factin was also assessed by staining with rhodamine-phalloidin. Staining was not concentrated in the cortex, as shown here, but rather appeared diffuse throughout the cytoplasm. In that study, embryos were fixed with methanol which, in our experience, is incompatible with the use of fluorescent phalloidin to detect actin polymer in vertebrate cells including frog embryos.
We found that inhibition of Rho by injecting C3 transferase, which specifically inactivates Rho by ADP-ribosylation of a critical site, led to a dramatic reduction in the level of F-actin throughout the cell cortex and blocked the formation of an actin-rich cytokinetic furrow. In contrast to C3, we found that activated Rho increased the levels of cortical actin. Cortical actin increased globally and we did not observe a difference between the amount of actin in the furrow compared to neighboring regions. The increased levels of cortical actin interfered with furrow ingression, so that it proceeded only part-way. The appearance of these embryos suggested that the furrowing defect might be due to the formation of a thick and stiffened cortex that is refractory to deformation by the ingressing furrow.
How does Rho promote the assembly of cortical actin structures and cortical contractility? One possible mechanism, suggested by our finding that epitope-tagged Rho localizes to the cortical layer, is that Rho normally promotes actin assembly in the cortex by sequestering an essential polymerization factor to the cortical layer. Although inhibition of Rho by C3 caused the loss of actin from the cortex, C3-injected embryos contained increased levels of bundled actin in the cytoplasm. Rho might be important, then, for maintaining the cortical localization of this actin-assembly factor, and inactivation of Rho by C3 may cause this factor to be released, thereby stimulating actin assembly throughout the cytoplasm. Xenopus embryos treated with C3 appear remarkably similar to Xenopus embryos treated with cytochalasin B [26] . Cytochalasins specifically block actin polymerization from the barbed end of actin filaments in vitro [27] . The similarity between the C3 and the cytochalasin B phenotypes supports a role for Rho in regulating actin polymerization and lends strength to the interpretation that C3 blocks cytokinesis by interfering with actin assembly in the cortex.
An alternative model for how Rho might regulate the assembly of cortical actin structures is suggested by recent evidence linking Rho with the activation of myosin. In fibroblasts, stress fibers induced by activated Rho can be blocked by pharmacological inhibitors of myosin activity [28] , and Rho can regulate myosin function by altering the levels of myosin light chain phosphorylation [29] . Perhaps Rho stimulates the interaction of myosin with actin filaments in the cortex, thereby assembling a strong, dense, crosslinked cortical array that can provide tension for furrow ingression. A number of proteins have recently been identified that specifically interact with the GTPbound form of Rho (reviewed in [30] ). We do not yet know which, if any, of these putative effectors mediate the activity of Rho at cytokinesis. Further elucidation of the effectors of Rho and their downstream substrates will be required to determine whether Rho acts directly on actin polymerization or indirectly through myosin activity.
Distinct roles for Cdc42 and Rho
In contrast to Rho, perturbation of Cdc42 activity blocked the completion of furrowing without discernable effects on the assembly of actin structures. One possible explanation of this is that we were unable to visualize subtle changes in actin by fluorescence microscopy of cryosections from early embryos injected with mutant forms of Cdc42. An alternative possibility is that interfering with the activity of Cdc42 affects another cytoskeletal system involved in cytokinesis, the septins. Septins, a family of proteins that form filaments and bind GTP [31] , localize to the furrow during cytokinesis in Drosophila [32] and vertebrate (M.G. and A.A.H., unpublished results) cells. In budding yeast, septins form rings around the bud neck [33, 34] during cytokinesis and genetically interact with CLA4 kinase, a Cdc42 effector [35] . We have also found that embryos injected with anti-septin antibodies resemble those injected with Cdc42 (M.G. and A.A.H., unpublished results). The molecular basis for the requirement for Cdc42 in cytokinesis will require further study.
Regulation of membrane insertion in cell division
Cytokinesis in Xenopus embryos involves both contractile events and insertion of new membrane, and in this study we have established that these processes can be experimentally uncoupled. New membrane insertion is an essential aspect of cytokinesis in early Xenopus embryos, as the rapid cleavages during the first six hours lead to a 100-fold increase in surface area, and this increase comes from the fusion of stored vesicles. The insertion of new membrane at the cleavage furrow site is readily observed in Xenopus embryos, as new membrane is unpigmented, in sharp contrast to the darkly pigmented outer membrane of eggs. Normally, formation of the cleavage membrane is tightly coordinated with furrow ingression, so that little or no new membrane appears on the outer surface of the cleaving embryo. The new membrane is inserted from maternal stores of vesicles into the furrow [19] ; no new membrane is inserted into the exterior plasma membrane [36] . Our results indicate that the positioning and timing of these fusion events during cleavage are independent of Rho or Cdc42 function. Moreover, the cortical actin layer, which is largely lost when Rho is inhibited, appears dispensible for vesicle targeting to the cleavage site.
A previous report [37] indicates that activation and inhibition of Rho in oocytes has different effects to those we have observed in early embryos. In Xenopus oocytes, injection of C3 prevented uptake of surface sodium pumps and caused the formation of large membrane folds on the cell surface, and the cortical layer of filamentous actin in Xenopus oocytes was found to be relatively insensitive to C3 treatment and somewhat diminished by activated Rho [37] . In striking contrast, we found no marked change in the surface profile of embryos injected with C3, but did observe a marked loss of cortical actin. These differences are likely to reflect the physiological differences between Xenopus oocytes and early embryos. For example, whereas oocytes are endocytically active and are arrested in G2 phase of the cell cycle, early embryos cycle rapidly between mitosis and interphase and many membrane traffic events are inhibited during the mitotic phase of the cell cycle [38, 39] .
In conclusion, this study shows that the GTPases Rho and Cdc42 function to promote furrow ingression during cytokinesis. Most likely, Rho acts in this process by regulating the assembly of actin structures in the cell cortex. The target of Cdc42 is not yet known. It will be important in future research to understand how these GTPases interact with components of the cytokinetic furrow during ingression. Neither of these GTPases appears to regulate insertion of new membrane at the cleavage site, nor do they control the positioning of the plane of cell division. Key issues in further studies on cytokinesis will be the nature of the signals and regulators of these events.
Materials and methods
Materials
Rhodamine-phalloidin was obtained from Molecular Probes. The P14L anti-␤-catenin antibody was generously provided by Peter Hausen (Tübingen, Germany). The 9E10 anti-Myc antibody was purified from culture supernatants of hybridoma cells [40] . DTAF-labeled donkey anti-rabbit, DTAF-labeled goat anti-rabbit, DTAF-labeled rabbit antigoat, and DTAF-labeled donkey anti-mouse secondary antibodies were obtained from Dianova. Biotinylated-soybean agglutinin and anti-biotin antibody were purchased from Sigma.
Expression and purification of recombinant proteins
Recombinant normal and mutated forms of human Rho (RhoA subtype) and human Cdc42 (G25K subtype [41] ) were expressed as GST fusions using pGEX2T vectors, modified so that the GTPases contained an additional 10 amino-acid Myc epitope at the amino terminus. C3 transferase was also expressed in pGEX2T. GST fusions were purified as previously described [11] , with the following modifications. Lysate supernatants (10 000 rpm, 15 min. Beckman JA20.1) were dialyzed against two changes of lysis buffer at 4°C for 1 h each. After purification on glutathione-agarose (Sigma) and thrombin cleavage, preparations were dialyzed against two changes of Dialysis buffer (20 mM K + HEPES pH 7.5, 100 mM KCl, 5 mM MgCl2, 10 % glycerol, 1 mM DTT) for 2 h each, snap frozen as aliquots in liquid nitrogen and stored at -80°C. ADP-ribosylated Rho protein was prepared as previously described [37] and dialyzed against Dialysis buffer. For GTPbinding proteins, active protein levels were determined with a filter binding assay using 3 H GTP or 3 H GDP, as described [42] .
In vitro fertilization and microinjection of Xenopus eggs
Xenopus laevis were obtained from South Africa Reptile Park. Synchronous fertilized embryos were obtained as described [43] . Embryo injections were performed with an Eppendorf microinjector using needles with a 15-20 m tip. Embryos to be injected were cultured in 1 × MMR / 5 % Ficoll 400 to prevent leakage of the cytoplasm (1 × MMR: 100 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 0.1 mM EDTA, 5 mM HEPES, pH 7.8). The injection system was calibrated by expelling the solution to be injected into a drop of oil, and the volume of the injection was calculated from the diameter of the drop. The accuracy of this calibration was verified by injecting samples containing trace amounts of radioactivity into fertilized embryos. Proteins were diluted into 0.1 mg ml -1 casein, 100 mM KCl, 1 mM MgCl 2 , 10 % glycerol, 10 mM K + HEPES, pH 7.7.
Surface labeling of embryos
Embryos to be surface labeled were placed in glass dishes coated with a layer of 1 % agarose in MMR. Embryos were manually devitellinized and placed into wells formed on the surface of the agarose layer using 1 mm ball bearings. The embryo surface was labeled by a 10 min treatment with 50 g ml -1 biotinylated-soybean agglutinin (Sigma) and then washed with 1 × MMR. This method primarily stained the animal hemisphere. Embryos were then injected as described above and, at the time indicated, fixed by flooding the dish with the fixative described below.
Fixing, embedding and sectioning embryos
Embryos for cryosectioning were fixed in 4 % paraformaldehyde, 0.5 % glutaraldehyde, 80 mM Pipes, 5 mM EGTA, 1 mM MgCl 2 , 0.2 % Triton X-100 for 2 h at room temperature [44] . The embryos were washed with TBSN (50 mM Tris, 155 mM NaCl, 0.1 % NP-40), stored overnight at 4°C and then transferred into PBS/1.6 M sucrose and allowed to infiltrate for at least 12 h. The embryos were placed in a drop of Tissue-Tek embedding solution (Miles), oriented and then frozen on a metal block cooled with dry ice. Typically 6-10 embryos were placed in a single block. 16 m sections were cut with a Leica cryomicrotome, picked up onto gelatin-coated coverslips and allowed to air dry for 30-60 min.
Embryos to be embedded in Spurrs resin (Polysciences) were fixed in 4 % paraformaldehyde, 1 % glutaraldehyde, 80 mM Pipes, 5 mM EGTA, 1 mM MgCl 2 for 2 h at room temperature. The embryos were washed with 0.2 M Cacodylate pH 7.4 and postfixed with 1 % OsO 4 in 0.1 M Cacodylate pH 7.4 for 2 h at 4°C. After several washes the embryos were incubated in 50 % ethanol and then stained with 5 % Uranyl acetate in 50 % ethanol overnight at room temperature. The samples were dehydrated though a graded ethanol series and then infiltrated with Spurrs resin diluted with an equal volume of 100 % ethanol. This was replaced with a 2:1 mixture of resin:ethanol and finally with pure resin. After overnight infiltration, the blocks were polymerized at 65°C for 12 h. 1 m sections were cut with a diamond knife.
Immunofluorescence
Cryosections were postfixed with 2 % formaldehyde in PBS to promote adherence to the coverslip. The coverslips were washed and then treated with 3 mg ml -1 NaBH 4 over 15 min to reduce autofluorescence. After two washes with TBSN, the coverslips were incubated with blocking solution (5 % normal donkey serum in TBSN) for 30 min and then with primary antibody (diluted into blocking solution) for 1-2 h. After four washes with TBSN, the coverslips were incubated with secondary antibody (diluted into blocking solution) for 1-2 h. When sections were stained with rhodamine-phalloidin, it was included in the final incubation with secondary antibody. After four washes with TBSN, the coverslips were mounted in 50 % glycerol, 100 mM Tris pH 9 containing 1 mg ml -1 p-phenylenediamine.
Image acquisition and processing
Embryos were filmed with a Sony SSC-M370CE camera mounted on a Wild M8 dissecting microscope. Images were recorded on a Panasonic LVR6000 video disc recorder. Fluorescence images were obtained from a Zeiss Axioskop microscope using either a 6× Neofluor, a 16× Neofluor, or a 63× Planapochromat objective. The images were acquired with a DAGE-MTI SIT 68 camera, processed with an Argus-10 processor and recorded onto a Panasonic LVR6000 video disc recorder. Alternatively, the images were acquired with a COHU 4910 camera and digitally captured with a Scion LG3 video board controlled by NIH Image software running on an Apple Power Macintosh. This imaging system was also used to capture selected images stored on the video disc. Figures were assembled with Adobe Photoshop and Adobe Illustrator.
